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Introduction
Fennoscandia is considered an area well-suited for dendroclimatological studies and several millennial or near-millennial temperature reconstructions derive from this region (e.g. Grudd 2008; Helama et al. 2010; Linderholm et al. 2010; Gunnarson et al. 2011; Esper et al. 2012; McCarroll et al. 2013; St. George and Ault 2014) . These records have improved our understanding of the past temperature development both on local and regional scale and have been utilised in the development of hemispheric scale reconstructions, among the most recent of which include Schneider et al. (2015) , Stoffel et al. (2015) , Wilson et al. (2016) , and Anchukaitis et al. (2017) .
The link between ring-width chronologies of Scots pine (Pinus sylvestris L.) and summer temperature is well established both in the north, and at tree-line sites in the mid latitudes of Fennoscandia, where trees grow in climatically limiting environments (e.g. Briffa et al. 1990; Gunnarson and Linderholm 2002; Helama et al. 2002) . In southern Fennoscandia, temperature-sensitive trees are harder to come by and only one published summer temperature reconstruction, based on measurements of maximum tree-ring density, include data from below 62°N (Helama et al. 2014) . This results from a switching of the climate signal of Scots pine from temperature sensitive at high latitudes to precipitation sensitive in low altitudes further south .
However, in the oceanic climate of western Norway, where summers are relatively cool
Post-print version of the paper by Svarva et al. in The Holocene 28(10): 1609-22. compared to inland areas (Moen 1998) , temperature sensitive trees have been found at 600-950 m a.s.l. as far south as 59°N (Kalela-Brundin 1999b) . A reconstruction of mean April-August temperatures from grain harvest data and terminal moraines already exists from western Norway (Nordli et al. 2003) , but as historical records are scarce further back in time, this reconstruction only reaches back to 1734 AD. Overall, the understanding of Fennoscandian summer temperature variations would benefit from improving the spatial representation, especially in the period predating 1700 AD and in the southernmost parts (Gouirand et al. 2008; Linderholm et al. 2015; Zhang et al. 2016 ).
Mean April-September and June-August temperatures have been reconstructed from tree rings in the eastern part of the Scandinavian Mountains in central Sweden (Zhang et al. 2016; Fuentes et al. 2017) , and in Norway, mean July and July-August summer temperatures have been reconstructed back to 1500 in Femundsmarka, eastern Norway (Kalela-Brundin 1999a) and at several at sites in northern Norway (Kirchhefer 1999; 2001; . However, on the oceanic side of the Scandinavian Mountains, climate has only been reconstructed from tree rings in northern Norway (Kirchhefer 2001) . In south-western Norway, two tree-ring chronologies extend beyond 1700 with sufficient sample depth (Brandt 1975; Thun 2002 ), but neither is suitable for climatic reconstructions because the samples are from trees at various altitudes and localities and from building timber with unknown provenances.
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The term 'Little Ice Age' (LIA) has been used to describe the latest and most extensive occurrence of increased glacial activity in the late Holocene (Grove 1988) .
Most records of frontal variations of Scandinavian glaciers indicate that the LIA glacial maximum was reached during the mid-18th century (Grove 2004) , and several sources, both terminal moraine-and historical records describe rapid advances of glaciers in southern Norway and on Iceland during the mid-17th to the early-18th centuries (Grove 1988) . Recent studies (Nesje and Dahl 2003; Nesje et al. 2008) have suggested that the early-18th century glacial advance in western Scandinavia was mainly caused by mild, humid winters bringing increased snowfall and that the non-contemporaneous LIA maxima in southern Norway and the Alps can be explained by a prevailing positive North Atlantic Oscillation (NAO) weather mode in the first half of the 18th century.
However, the timing and spatial structure of the temperature development during the Little Ice Age are complex, with different reconstructions portraying warm and cold periods for different times, regions, and seasons in the Northern Hemisphere (NH) (Masson-Delmotte et al. 2013) . In central Sweden, Zhang et al. (2016) indicated that the LIA spans the mid-16th century to the end of the 19th century. The coldest 100 years of reconstructed April-September temperatures since 850 AD were found from the late18th to the late-19th centuries, whereas Fuentes et al. (2017) found that the decade have not yet been explored, and could be of importance when evaluating the influence of summer temperature on the rapid glacier advance in this area in the early-18th
century.
Most of the reconstructed climate changes in the LIA have been linked to external forcing factors, such as volcanic eruptions and solar output, in combination with modes of atmospheric variability and internal ocean-atmosphere interactions (e.g.
Crowley 2000; Masson-Delmotte et al. 2013) . Considering the proximity to the northeast Atlantic, tree-growth in western Norway might reflect an influence of internal dynamics of the climate system in the North Atlantic sector and potential sensitivity to modes of atmospheric variability. These are of high importance to the climate due to their reflection of changes in in the atmospheric wave and jet-stream patterns, and influence on storm tracks and -intensity, precipitation, and temperature over large areas.
Recent discussions (e.g. Anchukaitis et al. 2012 ) have also highlighted the need to improve data coverage and more detailed assessments of the response of temperature sensitive tree-ring records to volcanic forcing. Kalela-Brundin (1999b) related supressed growth in southwest Norwegian Scots pine chronologies to climatic anomalies and Post-print version of the paper by Svarva et al. in The Holocene 28(10): 1609-22. ashes associated with the eruption of volcano Laki on Iceland in 1783, indicating that trees in this area should be sensitive to volcanic eruptions in the NH. As a more detailed analysis of the tree response to volcanic forcing in southern Norway is currently lacking, it is explored herein.
The purpose of this study is thus to reconstruct the summer temperature in the LIA in western Norway from tree-ring widths. This dataset is a new contribution to the assemblage of tree-ring proxy series in Fennoscandia. It aims to extend the area covered by regional reconstructions further to the south and west, and thus reduce spatial and temporal uncertainties and improve our understanding of the paleoclimatic variations of northern Europe.
Methods

Study area
In the mountains of southern Norway, elevations surpass the climatic forest line, increasing the probability of temperature being the most limiting factor to tree growth (Fritts 1976 
Tree-ring chronology development
One to four cores were taken at breast height with either a 10 mm or a 5 mm increment corer from each of 61 living and 40 dead trees. Only one core from each tree was used in the chronology but many trees, especially snags and logs, required several samples to obtain a core of sufficient quality, i.e. not too damaged by rot. Trees from different age groups were selected to even out the variation in growth variability associated with juvenile compared to ageing trees and trees from a closed canopy, i.e.
where the tree crowns touch, were avoided (Konter et al. 2016 ; Nehrbass-Ahles et al.
2014).
Ring widths were measured to 0.01 mm using an Addo-X measuring device (Parker Instruments, Malmö, Sweden). Cross dating and measurements were quality controlled with the CATRAS (Aniol 1983) and COFECHA (Holmes 1983) softwares.
To remove trends due to the decrease of growth rate with aging of the trees, a regional curve approach (RCS) was used (Briffa et al. 1992) , with a single 'regional' detrending curve for all series. To investigate potential problems associated with differences in growth rates among trees, detrending runs with separate RCS curves for groups of young and old trees, living and relict trees, and groups of above-and below average
Post-print version of the paper by Svarva et al. in The Holocene 28(10): 1609-22. growth rate were also investigated. In all cases, detrending was done with the software RCSsigFREE, version 45_v2b (Cook et al. 2014 ) using an age-dependent spline (Melvin et al. 2007 ). To minimise removal of the climate signal while removing age trend, detrending curves were calculated by the signal-free method ) and pith offset estimates were used to provide a better fit for each series (Briffa and Melvin 2011) . To stabilise the variance, each of the individual tree series were treated beforehand with a power transformation calculated from the relationship between level and spread for each series (Cook and Peters 1997) , and the index series were calculated by subtracting the measured value from the fitted detrending function before averaging to produce the final chronology. Expressed population signal (EPS) and Rbar values, which are measurements of the strength of the common signal between the series that make up the chronology, were used to evaluate chronology quality. These were calculated with a 51-year running window with a 1-year lag.
Analysis of the climate-growth relationship
The Norwegian Meteorological Institute provided the instrumental climate data;
temperatures from 1870 to present from Laerdal, station code: 54110; homogenised by Andresen (2011) , 23.0 km southeast of the study area at 2 m a.s.l, and precipitation data from 1896 to present from Sogndal-Selseng. The stations were chosen due to the length of the records and in the case of Sogndal-Selseng, which only records precipitation, also Correlation and response function analyses were computed for mean monthly temperature and total monthly precipitation from September of the previous to August of the current year using the DENDROCLIM2002 software (Biondi and Waikul 2004) to establish the relationship between climate and tree growth. For the response analysis, both the detrended chronology and the meteorological data were converted to first differences, which ensures that the series contain very little autocorrelation or long-term trend. Correlations were calculated from non-transformed data.
Methods of reconstruction and verification
Temperatures were reconstructed by linear regression and verified by splitting the calibration interval in two halves, i.e. 1870-1938 and 1939-2007 , and calibrating and verifying on each half using the following parameters: The reduction of error (RE; Fritts et al. 1990 ), the coefficient of efficiency (CE; Briffa et al. 1988 ) and the first difference sign test (Fritts 1976) . The RE and CE use the mean squared error to compare the accuracy of the reconstruction to the accuracy of average values calculated from the instrumental dataset and the sign test uses first differences to calculate the agreements in Post-print version of the paper by Svarva et al. in The Holocene 28(10): 1609-22.
sign. The Durbin-Watson test was used to assess the autocorrelation in regression residuals (Durbin and Watson 1951) . For the final reconstruction model, calibration was performed over the full 1870-2007 period using average July temperatures from Laerdal (Andresen 2011) as predictand and tree-ring width in year t and t-1 as predictors.
Following Zhang et al. (2016) , the uncertainty of the reconstruction was estimated as ±2
times the square root of the sum of the squared chronology error and squared calibration uncertainty, where the chronology error was defined as ±2 times the chronology standard error, and the calibration uncertainty as the standard deviation of the reconstruction residuals.
To explore the climate dynamics that control summer temperatures in western Norway, analysis of synoptic patterns related to temperature anomalies was made through composite maps. JJA mean patterns of the 500 hPa geopotential height field largest eruptions in the NH in the last millennium from each dataset was considered (Supplemental Table S1 ). The analysis, performed with dplR (Bunn et al. 2017) , examined 10 years before and after each event and all instances were averaged to determine a mean response with 95% significance thresholds computed through bootstrap resampling with 10 000 iterations.
To put the Sogndal reconstruction in a Fennoscandian context, it was compared to ring width based RCS detrended data covering the same period from Forfjorddalen, 
Results and discussion Chronology
The chronology is made up of 83 series with one core from each tree. Seventeen tree-ring series were excluded, for various reasons. One of the excluded trees was cored at an altitude of only 527m and another tree was found unsuitable because it consisted of two trunks that had merged. (1978, 1979, 1996, 1999, 2002 and 2006) were related to fungi, mainly Lophodermella sulcigena, and two (1967 and 1995) were related to defoliation by the pine sawfly (Neodiprion sertifer). There are no visual signs of a response to these outbreaks in the Sogndal chronology, and the only year from the NIBIO records in which the sampled trees show growth depressions that seems unrelated to climate is 1984, when damage that was likely caused by winter frost in 1983 was registered on pine growing in the Sogndal municipality.
The mean series length is 199 years with maximum 433 and minimum 67 years, and the mean tree age is 218 years with maximum 448 and minimum 67 years. The mean segment length is relatively even throughout the chronology (Figure 3c years) have a mean growth rate of 0.84 mm, and old trees (no. 41, mean tree age 293 years) have a mean growth rate of 1.21 mm. Results from attempts with two RCS curves revealed that the two-RCS approach based on groups of young and old trees produced a chronology that was very similar to the one-RCS approach (Supplemental: Figure S1 ). The two-RCS approach based on living and relict trees, and trees with above and below average growth rate both produced chronologies that gave lower 
Climate-growth relationships
Correlation analysis of non-transformed data and response analysis of firstdifferenced data for the previous September to the current August shows that the strongest response and correlation coefficients were found with mean July temperature of the current growing season (Figure 2 ), which is in accordance with findings elsewhere in Fennoscandia (e.g. Briffa et al. 1990; Grudd et al. 2002; Linderholm and Gunnarson 2005) The decadal and inter-annual variations in temperature are presented in Figure   3e . Compared to the observation data, the reconstruction has reduced amplitude in the decades around 1900 and fails to estimate extremes in this period, even though the yearto-year variation is in good agreement with the instrumental data ( Figure 3a 
Comparison with other temperature reconstructions
This record is the southernmost tree-ring based reconstruction of summer temperatures Fennoscandia (Melvin et al. 2013) . They seem to have prevailed over a large part of the warm season as these studies target June-August or April-September temperatures. A cold period centred on 1635 is evident in Sogndal, Femundsmarka (Kalela-Brundin 1999a), Rogen, central Sweden (Fuentes et al. 2017) and Scotland (Rydval et al. 2017 ), but is warmer in the C-Scan reconstruction from central Sweden (Zhang et al. 2016 ).
Likewise, the cold period centred on 1480 is not as clearly defined in blue intensity and density data from central Sweden (Fuentes et al. 2017; Zhang et al. 2016) , but is more evident in ring-width records (Gunnarson 2008; Linderholm and Gunnarson 2005) .
However, these years have been shown to have been cold both in Scotland (Rydval et al. 2017 ) and south Finland (Helama et al. 2014 ) and a protracted cold period between 1450 and 1500 is evident in the C-Scan reconstruction, and in northern Fennoscandia (Esper et al. 2014) , and in the Alps (Büntgen et al. 2006) . In fact, the late 15th century has the coldest reconstructed temperatures in Sogndal and corresponds to the early part of the Spörer Minimum (1460 -1550 Eddy 1976) . Also, this is a period with closely spaced volcanic eruptions in 1452, 1474, 1476/77 and 1480, among them the eruption of volcano Bárðarbunga on Iceland (Briffa et al. 1998; McCarroll et al. 2013) . which might relate to a volcanic eruption in 1452/3 (Gao et al. 2008; Sigl et al. 2015 ), 1577 , 1741 and 1928 . Grove (1988 mentions 1741 and 1742 as years when the harvest failed and death rates peaked over large parts of Norway and 1709 is also known for severe famines and low winter temperatures in Europe (Grove, 2007) . Another notable cooling event around 1600, which includes a volcanic eruption in 1601 (e.g. Briffa et al. 1998 ) seems less severe in the Sogndal reconstruction than would be expected from looking at other tree-ring records. This cold period is often described as lasting for several decades (e.g. Fuentes et al. 2017; Kalela-Brundin 1999a; Gunnarson et al. 2011; Björklund et al. 2013; Zhang et al. 2016 ), but it is of shorter magnitude and duration in the early-17th century in Sogndal. The 1600 cold is also less pronounced in
Forfjorddalen, but this record is out of phase with the Sogndal reconstruction in this period. Although a local disturbance that affected tree growth in Sogndal cannot be ruled out, both EPS and Rbar remains relatively high despite a general decline in sample size and geographical changes in temperature patterns (Gouirand et al. 2008 ) and the stronger maritime influence at the study area might be the reason for the observed differences.
To investigate the spatial variation of LIA temperatures more closely, the Sogndal reconstruction is compared to RCS detrended ring-width records in Jämtland (Gunnarson 2008) , Torneträsk (MJJA temperature reconstruction; Melvin et al. 2013) and Forfjorddalen (McCarroll et al. 2013 ). These four chronologies represent two sites Post-print version of the paper by Svarva et al. in The Holocene 28(10): 1609-22.
on the western side of the Scandinavian Mountains, Forfjorddalen and Sogndal, and two sites on the eastern slope, Torneträsk and Jämtland (Figure 5b-d) . The chronologies on the eastern slope of the Scandinavian Mountains seems to have the most common variability, both on interannual and longer timescales, and the difference on longer timescales between coastal and inland chronologies is largest in the north although the interannual agreement between Forfjorddalen and Torneträsk is high ( Table 2 ). The new Sogndal reconstruction correlates most strongly with Jämtland, which is as expected considering the distance between the sites. The synchrony between these records is highest in the 18th and 19th centuries and in the mid-and late-15th century (Figure 5e ).
There is a weaker correlation in the first half of the 16th century, when the Sogndal reconstruction has the best agreement with the tree-ring chronology from Forfjorddalen.
The agreement between Forfjorddalen and Sogndal is strongest for medium to longterm variation and weaker for interannual variation. The reconstruction from Torneträsk, however, has a strong correlation to Sogndal on intereannual timescales, but a weaker agreement in the long-term variation. The higher agreement between the smoothed time series of Sogndal and Forfjorddalen might be a reflection of the oceanic influence at these sites. The Sogndal reconstruction portrays LIA cooling from around 1450, with gradual warming from the early-to mid-18th century, where both the smoothed Sogndal and Forfjorddalen records are mostly above the long-term average.
The cold spells around 1480, 1635 and 1709 are most evident at the sites in southern Fennoscandia. Post-print version of the paper by Svarva et al. in The Holocene 28(10): 1609-22. Nordli et al. (2003) reconstructed the mean spring-summer temperatures for AD 1734-1867 in western Norway, using the first day of grain harvest from farmer's diaries.
To account for differences in growing conditions at different farms and the use of different cereal varieties, glaciological data reconstructed from established moraine chronologies was used to reconstruct the long-term variation in temperature (only grainharvest data for 1843-1867). As cereal is usually grown at a lower altitude than the sampled trees in Sogndal, they reflect the temperatures of a longer growing season, i.e.
April-August compared to July and because they are grown annually, they are also unlikely to be influenced by the climate outside of the growing season. In addition, cereals might respond differently than trees to climate events unrelated to temperature. 
Synoptic patterns and forcing of extreme years
Banston and Livezey (1987) described the Eurasia-1 (Scandinavia) teleconnection pattern by using monthly mean gridded 700 mb heights as primary data.
As the Sogndal chronology is significantly correlated to the Scandinavian teleconnection index in June-August, a spatial composite analysis for June-August was made for extreme years ( Figure 3e ; Supplemental Table S2) height anomalies over the Greenland region, which is similar to that identified by Seftigen et al. (2015) representing drought, and warm extremes (Zhang et al. 2017 ). Russia Zhang et al. 2017) . Tree-ring data from central Sweden produces similar patterns with sea level pressure (SLP) and an opposite pattern during extreme cold summers (Fuentes et al. 2017) . In Sogndal, however, cold extremes produce a dipole pattern with negative height anomalies over Fennoscandia and positive height anomalies over the Bay of Biscay both for Z500 and SLP (not shown). This pattern is related to anomalous westerly/north-westerly winds directed towards Scandinavia, which are associated with cold air in summer and has been shown to influence temperature variance along the entire west coast of Norway (Hanssen-Bauer and Førland 2000) and extreme cold years in reconstructed summer temperatures from northern Scandinavia (Büntgen et al. 2011) . The fields produced with reconstructed geopotential height are similar, confirming the stability of these relationships back to the mid-17th century. Cold extremes were more frequent than warm extremes during the LIA when using a one standard deviation threshold, indicating that negative pressure anomalies over Fennoscandia dominated during this period (Figure 3e ). This is especially prominent in the late-15th, late-16th and late-17th centuries, periods that together have only one extreme warm year. The ratio of extreme warm to extreme cold years in from the mid-15th century to the end of the 17th century is 0.46.
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